Homing endonucleases are rare-cutting enzymes encoded by introns and inteins. They have striking structural and functional properties that distinguish them from restriction enzymes. Nomenclature conventions analogous to those for restriction enzymes have been developed for the homing endonucleases. Recent progress in understanding the structure and function of the four families of homing enzymes is reviewed. Of particular interest are the first reported structures of homing endonucleases of the LAGLI-DADG family. The exploitation of the homing enzymes in genome analysis and recombination research is also summarized. Finally, the evolution of homing endonucleases is considered, both at the structurefunction level and in terms of their persistence in widely divergent biological systems.
INTRODUCTION
Several endonucleases encoded by introns and inteins in the three biological kingdoms have been shown to promote the homing of their respective genetic elements into allelic intronless and inteinless sites (reviewed in [1] [2] [3] . By making a site-specific double-strand break in the intronless or inteinless alleles, these nucleases create recombinogenic ends which engage in a gene conversion process that duplicates the intron or intein (Fig. 1) . The homing enzymes that initiate the mobility process can be grouped into families, which share structural and functional properties with each other and with some freestanding, intergenic endonucleases. Regardless of whether these enzymes have been shown to be involved in DNA rearrangements, they are collectively termed homing endonucleases.
DISTINGUISHING CHARACTERISTICS OF HOMING ENDONUCLEASES
Although most homing endonucleases share with restriction enzymes the ability to make a site-specific double-strand break in the DNA target, they differ in structure, recognition properties, and genomic location (Table 1) . First, the vast majority of homing endonucleases fall within one of four families, characterized by the sequence motifs LAGLIDADG, GIY-YIG, H-N-H and His-Cys box (1) . In contrast, restriction enzymes do not fall within easily recognizable families. Although the PDX [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] (E/D)XK motif has been associated with the catalytic center of several restriction enzymes (4) (5) (6) , its occurrence by chance is so frequent that it alone cannot be considered indicative of endonuclease function. Type II restriction enzymes only share significant sequence similarity if they are isoschizomers (recognize identical DNA sequences).
Second, homing endonucleases have recognition sequences that span 12-40 bp of DNA, whereas restriction enzymes recognize much shorter stretches of DNA, in the 3-8 bp range (7) (8) (9) . Although the homing endonucleases are rather tolerant of single-base-pair changes in their lengthy DNA interaction sites, the restriction enzymes are highly sensitive to single-site mutations in their short recognition sequences (8) (9) (10) . Furthermore, general asymmetry of homing endonuclease target sequences contrasts with the characteristic dyad symmetry of most restriction enzyme recognition sites (7) (8) (9) . Third, the enzymes have different molecular associations. Homing endonucleases act as monomers or homodimers and, while some function independently of accessory molecules, others require associated proteins to regulate their activity (11) . Yet other homing endonucleases form ribonucleoprotein (RNP) complexes, wherein RNA molecules are integral components of the catalytic apparatus (12) . Restriction enzymes can also function either alone, as monomers or homodimers (the Type II enzymes) (10) , or with additional protein subunits (the Type I and Type III enzymes) (13) , but the accessory subunits are quite different from those of the homing endonucleases. Thus, the Type I enzymes require restriction, modification, and specificity subunits for their action, while the Type III enzymes require only modification subunits for cleavage to occur (13) .
Finally, the phylogenetic distribution of the two types of enzymes differs. Homing endonucleases have been found in all three biological kingdoms-the archaea, bacteria, and eukaryawhereas restriction enzymes occur only in archaea, bacteria and certain eukaryotic viruses (7) (8) (9) . In addition to being phylogenetically widespread, homing endonucleases are expressed in different compartments of the eukaryotic cell: nuclei; mitochondria; and chloroplasts. Their genomic microenvironment also differs. The homing endonuclease open reading frames occur in introns, inteins, and in freestanding form between genes, whereas restriction enzyme genes have been found only in freestanding form, almost always in close association with genes encoding cognate modifying enzymes (14) . Thus, while the restriction enzymes and homing endonucleases share the function of cleaving double-stranded DNA, they appear to have evolved independently. 
NOMENCLATURE CONVENTIONS
Nomenclature of the homing endonucleases is patterned after that of restriction enzymes (15) . A three-letter genus-species designation consisting of the first letter of the genus and the first two letters of the species is followed by a Roman numeral to distinguish multiple enzymes from a single organism. Whereas intron endonucleases are characterized by the prefix I-(for intron), the intein endonucleases are characterized by the prefix PI-(for protein insert). Thus, the first-to-be-discovered intron and intein endonucleases of Saccharomyces cerevisiae are designated I-SceI and PI-SceI, corresponding to the mitochondrial large rRNA intron ω endonuclease and the nuclear vacuolar-ATPase intein endonuclease, respectively (16, 17) . Although the parallel nomenclature conventions for the intron and the intein endonucleases have been useful (16, 17) , the barrage of recent discoveries of related proteins has raised questions. First, what system should be adopted for those endonucleases that conform to consensus sequence motifs, have demonstrated cleavage activity, but do not reside in introns or inteins? Second, should conventions be developed for putative intron or intein endonucleases that conform to consensus but have not passed functional tests?
In addition to the prefixes I-and PI-, we propose a new prefix, F-, for freestanding, where the endonuclease is not intron-or intein-encoded. For example, according to this convention, the freestanding Endo.SceI and HO endonucleases of Saccharomyces cerevisiae, which are members of the LAGLIDADG family, become F-SceI and F-SceII, respectively (Table 2) . Likewise, the intergenic SegA and SegE endonucleases of the T-even phage T4, which are members of the GIY-YIG family, become F-TevI and F-TevII, respectively ( Table 2 ). The systematic nomenclature does not preclude maintaining historic names, such as HO and SegA endonuclease, which will continue to be acceptable synonyms. After extensive deliberation with investigators working with homing endonucleases, it has been decided that the nomenclature conventions will continue to be reserved strictly for proteins with demonstrated endonuclease activity. Similarity to one of the four homing endonuclease consensus motifs and/or location within an intron or protein coding sequence will not suffice for an endonuclease designation. Interesting cases for consideration are the yeast maturases, which are intron-encoded LAGLIDADG proteins. Although these proteins are thought to be degenerate endonucleases, they often have no demonstrable DNA cleavage activity, and therefore would not qualify for an endonuclease assignment. However, there is a recent example of nuclease activation by mutation of the maturase. The maturase encoded by the second intron of the cytochrome b gene of S.cerevisiae can be converted into an active endonuclease by a two amino acid substitution (18) . In such circumstances, the wild-type protein is not assigned a formal name, while the mutant variant with demonstrated activity receives an endonuclease designation, namely, I-SceVII ( Table 2) .
As a result of microbial genome sequencing projects, there is a rapidly growing list of putative inteins. These have recently been compiled and given useful species designations (19) . Once Table 3 . Recognition sequences with endonuclease cleavage and intron insertion sites a The recognition sequence is loosely defined as the sequence that normally flanks the intron or intein encoding the endonuclease. Sixteen residues to each side of the site are presented, except for those enzymes with distant cut sites. In the case of the freestanding enzymes F-SceI, F-SceII, F-TevI and F-TevII, 14 residues are presented flanking a cleavage site. The length and sequence degeneracy for many of these sites remains to be determined. o and space designate intron or intein insertion site. ^ indicates cleavage on the strand shown; _ indicates cleavage on the complementary strand. Where cleavages are not indicated, they could not be found in the literature. Note that I-HmuI and I-HmuII only cleave one strand. b The GenBank numbers refer to the recognition sequence. c References are to the determination of the cleavage site(s) and the insertion site. d Cleavage-site reference for I-AniI is R. Waring (Temple University), for I-LlaI is A. Lambowitz (Ohio State University), for PI-PspI is T. Davis (New England Biolabs), and for PI-TliI and PI-TliII is R. Morgan (New England Biolabs). e F-TevI is reported to cleave at either of two adjacent sites on both strands as indicated.
endonuclease function has been demonstrated, these will simply be assigned PI-prefixes and the appropriate suffix. They will then be included in endonuclease compilations and in REBASE releases (see below), along with restriction enzymes and other homing endonucleases. Nomenclature of other putative homing endonucleases should be treated in similar fashion.
REBASE is a compilation of information about restriction enzymes and methyltransferases that has been maintained for many years by Dr Richard Roberts. REBASE is described in the annual database issue of Nucleic Acids Research (7) . In addition to providing a literature survey, a great deal of unpublished information is contained within REBASE. Investigators continue to depend upon it to ensure that enzymes are named correctly and to obtain the latest information about which enzymes are available and which DNA sequences they recognize. Recently, homing endonucleases have been included within REBASE. Information from REBASE can be accessed through the World Wide Web (http://www.neb.com/rebase) and can also be received as electronic updates on a monthly schedule.
Dr Roberts (New England Biolabs, 32 Tozer Road, Beverly, MA 01915, USA; Tel: +1 508 927 3382; Fax: +1 508 921 1527; Email: roberts@neb.com) will serve as registrar for new homing endonucleases. Email communication is encouraged, and any omissions or errors in the REBASE listing should be registered. A centralized registry for all of the homing endonucleases will ensure not only their inclusion in subsequent REBASE releases, but also will allow systematic assignment of numbers, avoiding confusion in naming successive endonucleases from the same organism. We hope that these nomenclature conventions will help to provide uniformity in the field, particularly as new enzymes are discovered and characterized. Investigators working with and referring to these homing endonucleases are encouraged to use the nomenclature proposed above and to register new enzymes as they are discovered.
RECENT STRUCTURE-FUNCTION INSIGHTS INTO HOMING ENDONUCLEASES
Dissection of protein structure and DNA-protein interaction is proceeding apace for the four families of homing endonucleases. For classification and common sequence features of the four enzyme families the reader is referred to ref. 1 and citations therein. LAGLIDADG endonucleases under intensive study include intron-derived enzymes I-CreI, I-CpaII, I-DmoI, and I-PorI, and the intein endonuclease PI-SceI. Also the subject of active investigation are intron endonucleases I-TevI, I-PpoI, and I-SceV, members of the GIY-YIG, His-Cys and H-N-H endonuclease families, respectively. The origin and characteristics of these endonucleases are summarized in Tables 2 and 3 , and reviewed in refs. 1-3,8,9,19. Following is a brief review focusing on the literature of the past year. Although there are some clear differences in the architecture and action between the best-studied LAGLIDADG and GIY-YIG families of endonucleases, presumably reflecting their independent ancestry, some common themes also emerge in the properties of these distinctive endonucleases.
Endonuclease and homing-site structure and properties LAGLIDADG endonucleases. LAGLIDADG enzymes exist with either one or two LAGLIDADG motifs (Table 2) (1), which have been implicated in endonuclease function (20) (21) (22) . In a major breakthrough for the field, the structures of a single-motif enzyme, I-CreI, and a two-motif enzyme, PI-SceI, have recently been determined (23, 24) . I-CreI, solved at 3.0 Å resolution, forms a homodimer, with dimensions consistent with its ability to recognize its lengthy homing site, variously estimated at 19-24 bp (24) . The 163 residue I-CreI monomers form an elongated protein with a half-cylindrical groove of ∼25 × 25 × 35 Å (Fig. 2) . The homodimer forms an extended saddle of ∼70 Å for DNA binding, with its undersurface consisting of four antiparallel β-strands, which are likely to contact the substrate. The LAGLIDADG motifs are proposed to form the dimer interface, while simultaneously positioning conserved aspartate residues (Asp20 of each monomer) adjacent to the scissile phosphates (Fig. 2) . These residues may function to coordinate Mg 2+ , while conserved arginines are also implicated in catalysis. Considering the symmetry of the dimer, one aspartate from each monomer could allow simultaneous attack across the minor groove to generate 4-nt 3i overhangs (23) .
PI-SceI is a 454-amino acid bifunctional protein, with both endonuclease and protein-splicing activities. Accordingly, the 2.4 Å crystal structure comprises two domains of equivalent size, proposed to correspond to these two functions (24) . Domain I, the protein splicing domain, consists almost exclusively of β-sheets, whereas domain II, the endonuclease domain, consists of α/β motifs related by pseudo two-fold symmetry. Statistical modeling of all known inteins has led to the prediction of similar two-domain structures (25) . Interestingly, the two α-helices containing the LAGLIDADG motifs in the endonuclease domain of PI-SceI form the axis of symmetry, just as for the I-CreI dimer. The symmetry-related sheets again form the DNA-binding surface, although they generate a platform structure for PI-SceI, rather than a saddle. While LAGLIDADG aspartate residues are also implicated in Mg 2+ coordination, and a lysine residue is proposed to form part of the active site, the authors argue that a single catalytic center of PI-SceI performs sequential cleavage (24) .
From circular permutation analyses it appears that I-CreI binds its homing site substrate largely in the undistorted B-DNA form (24, K.M. Stephens and R. Monat, unpublished). In contrast, PI-SceI bends its lengthy substrate of ∼32 bp, as it binds via the major groove and phosphate backbone of the DNA (26, 27) . Whether differences between I-CreI and PI-SceI are related to their functioning as dimers or monomers, or to whether the endonuclease exists in freestanding form or fused to intein sequences, remains to be determined. In any case, mutational analysis and cocrystal structures will help clarify more exactly the role of the LAGLIDADG motif in catalysis and the precise conformation of the DNA substrates.
Catalysis by PI-SceI is enhanced when a synthetic homing-site duplex is embedded in plasmid DNA, particularly when the plasmid is supercoiled, indicating that the structural and torsional environment of the homing site is important (27) . The PI-SceI homing site can be divided into two regions (I and II), both of which are required for cleavage, with the downstream region being a high-affinity binding site necessary for specific complex formation (26) . Bipartite recognition sequences may be a common feature of homing endonucleases, as described previously for the yeast mitochondrial LAGLIDADG endonuclease I-SceI (28) and the phage T4 td-intron GIY-YIG endonuclease I-TevI (29) .
A GIY-YIG endonuclease. The prototypic GIY-YIG endonuclease, I-TevI, binds its substrate as a monomer (30) . The homing site is even longer than those of the LAGLIDADG enzymes, approaching 40 bp (31) . In contrast to LAGLIDADG endonucleases, where the cleavage and intron insertion site are coincident or separated by a few nucleotides (Table 3) , the td intron insertion site and I-TevI cleavage sites are separated by 23 and 25 nt (Fig. 3) .
On the basis of genetic and biochemical analyses the td intron homing site was divided into two regions, with both required for specific cleavage by I-TevI, and with the primary endonuclease recognition domain downstream of the cleavage site, as for PI-SceI (Fig. 3) . Tolerance of I-TevI to insertions and deletions between the two domains of the homing site suggested a 'flexible-hinge' model in which these two DNA substrate domains are contacted by two tethered domains of the enzyme. The monomeric enzyme has been separated into two domains, each comprising roughly one half of the 28 kDa enzyme, joined by a protease-sensitive linker (32) . The C-terminal domain is the DNA-binding domain, which contacts the primary recognition region of the homing site flanking the intron insertion site. The N-terminal domain is the catalytic domain, which contains the GIY-YIG motif, shown to be important in catalysis, and makes contacts near the cleavage site of the DNA (32) . Like the LAGLIDADG enzyme PI-SceI, I-TevI distorts the homing site in the act of binding and catalysis, although for I-TevI interactions are mainly via the minor groove and phosphate backbone. It has also been suggested for both I-TevI (30) and PI-SceI (27) that the naked substrate has some innate structure, which may provide recognition features for the binding of the homing enzymes.
A His-Cys box endonuclease. The His-Cys box contains within a 30-amino acid stretch two conserved histidines and three conserved cysteines, which are likely to form a metal coordination site. I-PpoI is less well characterized than the enzymes described above, but is the best studied of the His-Cys box family of endonucleases. It is a relatively small enzyme (18-20 kDa, depending on translational start site), which acts as a globular dimer and also induces a structural perturbation in the DNA Figure 2 . LAGLIDADG endonuclease I-CreI. Two views of the polypeptide backbone are shown, with one monomer colored red, the other green. The top view shows the homodimers viewed down the saddle groove, which is proposed to accommodate the DNA. The bottom view, perpendicular to the saddle groove, shows the LAGLIDADG motif at the α1-β1 boundary, located at the dimer interface, and the asparate residues (ASP20) of each LAGLIDADG motif proposed to be involved in catalysis. (33, 34) . Interactions are predominantly through the major groove and appear to be different in two partially symmetrical halves of the recognition sequence (33).
H-N-H endonucleases.
The H-N-H proteins contain a consensus sequence spanning 30-33 amino acids, with two pairs of conserved histidines flanking a conserved asparagine to form a zinc finger-like domain (35, 36) . Although little is known of the structure of the H-N-H endonucleases, they have distinctive and disparate functional properties. While the T-even phage H-N-H enzyme I-TevIII makes a double-strand cut, it is the only known homing endonuclease to generate 5i rather than 3i extensions (37) ( Table 3) . Similarly atypical are the Bacillus subtilis phage enzymes I-HmuI and I-HmuII, which cleave only one strand of the DNA on both intron-containing and intronless targets (38) .
More extraordinary yet are the yeast mitochondrial group II intron endonucleases, I-SceV and I-SceVI, which form ribonucleoprotein complexes with their respective intron RNAs. Both the protein and RNA components contribute to cleavage of the DNA substrate. When components of the H-N-H motif of I-SceV were mutated, protein-mediated cleavage of the one strand was blocked, whereas RNA-mediated cleavage of the other strand proceeded normally (Table 3 ) (12) . The colicins and McrA protein from E.coli also have an H-N-H motif (1, 35, 36) , but their endonuclease activity has not been well characterized. Nevertheless, the occurrence of the H-N-H motif in these intron-encoded and freestanding nucleases of differing function likely reflects divergent adaptations of a common ancestral H-N-H protein. 
Dynamic interactions and catalysis
The degree to which the details of enzymatic catalysis will be similar for the different homing endonuclease families is unknown. However, interesting themes are apparent in the dynamic properties of the enzyme-DNA complex. These include distortions of the homing site upon endonuclease binding and catalysis, distance sensing as well as site specificity of the enzymes, and product retention by some of the endonucleases.
In general, the distortions induced by the homing endonucleases are in the 40-90_ range. Directed bending can promote catalysis in at least three different ways. First, a distortion can facilitate contact between the relatively small proteins and two separated regions of interaction on the DNA as a prerequisite to the transition state, as has been proposed for PI-SceI and I-TevII (27, 39) . Second, distortion of the substrate can position the scissile phosphates in the active site, as is the case for the restriction enzyme EcoRV (40) , and as also suggested for PI-SceI (26) . Third, a bend toward the major groove can widen the minor groove and facilitate catalysis by allowing access of minor-groove binding enzymes to the scissile phosphates, as has been proposed for I-TevI (30) .
Two distortions have been observed for PI-SceI, as well as for I-TevI and I-TevII, although for I-TevI one of these distortions is subtle (26, 27, 30, 39) . Interestingly, while DNA is structurally intact in each of the PI-SceI bent complexes, one of the distortions induced by both I-TevI and I-TevII is associated with a nick in one strand. For I-TevI the nick-associated distortion is a directed bend close to the cleavage site. Nicking, which occurs in the absence of added Mg 2+ for both I-TevI and I-TevII, implies a sequential cleavage mechanism, although cleavage of both strands appears to occur concomitantly in the presence of Mg 2+ . Preferential nicking of one strand is a property shared by some LAGLIDADG enzymes, as for example I-SceI (28), I-ChuI, I-CeuI and I-CpaII (41) . Others exhibit concerted cleavage, as for example PI-SceI (27) . Enzymes I-TevI, I-TevII, and I-CpaII may resemble EcoRV, for which the preference for sequential or concerted cleavage has been linked to divalent cation availability (30, 41, 42) . It is unclear for the homing enzymes whether sequential versus concerted cleavage represents a mechanistic or simply a kinetic difference. The ways in which divalent cations and DNA distortions promote catalysis in these different enzyme systems must await further biochemical analysis and structure determination of the enzymesubstrate complexes.
Another feature of the GIY-YIG protein I-TevI that may be common to the LAGLIDADG enzymes is manifest once binding has been established. Genetic experiments indicate that I-TevI selects its cut site by both distance sensing and sequence discrimination (31, 43) . Based on a comparison of homing sites, a similar cleavage-site selection mechanism has been proposed for PI-SceI (26). Furthermore, both enzymes, like I-SceI, F-SceII and I-TevII, remain bound to one cleavage product (27, 39, 44, 45) . In contrast, both I-PorI and I-PpoI appear to be released after catalysis (cited in 27). Persistent binding of the endonuclease to one of the cleavage products can have genetic consequences in the ensuing recombination events (44) .
It is noteworthy that I-TevI, I-TevII, F-TevI, and F-TevII, all GIY-YIG endonucleases, generate 2-nt 3i extensions, whereas all LAGLIDADG enzymes characterized to date leave 4-nt 3i extensions. A classification of restriction endonuclease structures on the basis of cleavage pattern (i.e., the nature and length of single-strand extensions) has been proposed (4, 46, 47) . Given the foregoing, it will be of interest to see whether for the GIY-YIG, LAGLIDADG, and other families of nucleases, the position of scissile phosphates is also a correlative feature with the structure and catalytic properties of the homing enzymes.
UTILITY OF HOMING ENDONUCLEASES IN GENE MANIPULATION AND RECOMBINATION RESEARCH
Rare-cutting endonucleases allow one to introduce one or a few double-strand breaks into complex genomes. This capability makes the homing enzymes useful tools for analyzing and manipulating genomes for mapping, gene cloning and targeting, and for studying double-strand-break (DSB) repair in diverse biological systems.
Genome analysis and gene manipulation
Mapping. Genome mapping strategies have been based both on naturally available cleavage sites and on the introduction of cleavage sites as chromosomal landmarks. The homing endonucleases have been used in combination with rare-cutting restriction enzymes to map a variety of bacterial genomes, and have been particularly useful for analyzing chromosomal organization. I-CeuI, for example, cleaves only in the rRNA genes of many bacterial strains, which harbor multiple copies of the gene. Mapping I-CeuI fragments therefore allows one to probe genome configuration in the rDNA region. Such approaches have underscored chromosomal plasticity in several bacterial species (48, 49) .
Mapping has also been achieved by introduction of novel sites into genomes, with transposons engineered to contain cleavage sites. These approaches have been used for the study of genome organization, and for chromosome fragmentation for cloning large DNA fragments in bacteria and yeast. Available systems include mini-Tn10::I-SceI and Tn5::I-SceI cassettes for use in Gram-negative bacteria (50-52) and a retrotransposon-based Ty1::I-DmoI cartridge for use in yeast (53) . The Ty1 system has been useful in analyzing both native yeast chromosomes, and mouse genes in yeast artificial chromosomes (YACs). Genetically engineered I-SceI sites in yeast have also been helpful for physical mapping of yeast contigs for yeast genome sequencing (54) .
Cloning. Vectors have been developed for cloning large fragments generated by homing endonucleases. These include plasmid vectors with a multiple cloning site containing homing-endonuclease cleavage sites for PI-SceI, I-PpoI, I-CeuI, and PI-TliI (55) . Cosmid vectors with an I-SceI site are also available (56) .
Targeting. Double-strand breaks (DSBs) are recombinogenic, facilitating both homologous and non-homologous recombination events. It has been shown that homologous recombination can be stimulated 10-to 1000-fold in both pro-and eukaryotic systems by a DSB. This phenomenon provides a means for targeting integration events from a transformed or transfected sequence to the chromosome by introduction of a DSB in a homologous sequence on the genome. Such gene-targeting strategies have been facilitated by the expression of homing endonucleases in fungal, plant, and mammalian cells (reviewed in 57) or by electroporation of purified enzyme into cells (58) . The existence or introduction of sites at defined positions within genomes therefore creates the ability to engineer targeted deletions or insertions into genomes in many different biological systems. Indeed, gene targeting has been achieved in embryonic stem cells expressing I-SceI, paving the way to create transgenic animals by homing endonuclease-directed gene targeting (reviewed in 57).
Homing endonucleases in studies of DSB repair
DSBs must be repaired in all organisms to maintain chromosomal integrity and viability. DSB repair also plays a role in DNA rearrangements such as intron mobility, in both prokaryotic and eukaryotic systems (reviewed in 1,9). Furthermore, mating-type switching in fungi (59) , transposition in flies (60) , and V(D)J recombination in mammalian cells (61) are all DSB-dependent events. The highly specific homing endonucleases provide the ability to direct discrete breaks into genomes generating isolated foci for study of both homologous and non-homologous DSB-repair events.
Homology-dependent events. Homing endonucleases have been used to study homology-dependent DSB-repair pathways in phage T4 (62, 63) , yeast (2, 64, 65) , plants (66, 67) , and mammalian cells (57, 68) . Not only have these studies shed light on the functional requirements of the repair events, but they have illuminated different recombination pathways. One emerging theme from these studies has been the tight coupling of DNA replication and DSB repair in gene conversion events in which foreign sequences are used to repair the breaks, as in group I intron homing. These studies have taken advantage of I-TevI in the phage system and the HO endonuclease, F-SceII, in yeast (62) (63) (64) .
Another area in which we have gained new insight is in RNA-dependent group II intron homing, also called retrohoming, with I-SceV and I-SceVI. As part of RNP complexes, these remarkable intron-encoded proteins, which have reverse transcriptase and RNA maturase function in addition to endonuclease activity, are physically associated with the excised intron RNA. The RNA cleaves the sense strand of the DNA homing site by reverse splicing while the protein cleaves the antisense strand, to generate a primer for reverse transcription of the intron RNA (12, 69) . Alternatively, the intron RNA can insert itself directly into double-stranded DNA (70) . In either event, repair occurs via a cDNA copy of the intron RNA.
Homology-independent events. Homing endonucleases have also been used to study homology-independent events in bacterial/ phage (71), fungal (72, 73) , and mammalian systems (57, 68 ). An interesting finding emerged from studies with the HO-endonuclease, F-SceII, to initiate DSB repair in S.cerevisiae in which homologous recombination had been inhibited (72, 73) . Under such conditions most of the DSBs were repaired by end-joining events similar to those found in mammalian cells, whereas ∼1% of the events reflected capture of cDNAs corresponding to Ty1 retrotransposon mRNA. While such events have some features in common with group II retrohoming, they provide a possible mechanism for insertion of pseudogenes and short and long interspersed nuclear sequences (SINEs and LINEs) in eukaryotic genomes. Clearly, the repair of DSBs by foreign DNAs, including endogenous retroelements, is important in the evolution of genomes.
EVOLUTION OF HOMING ENDONUCLEASES
In considering the evolution of homing endonucleases one must address questions at both the structure-function level, and at the level of the persistence of these apparently discretionary elements in biological systems.
Evolution of endonuclease structure
It has been proposed that the double LAGLIDADG motif homing endonucleases evolved from the single-motif enzymes by a gene duplication event. In support of this argument are protein footprinting experiments of the two-motif archaeal endonucleases I-DmoI and I-PorI. The results suggest that these enzymes consist of two repeats with each containing one LAGLIDADG motif (74) . Furthermore, single-motif enzymes like I-CreI act as dimers on pseudopalindromic substrates (23), whereas double-motif enzymes like PI-SceI bind as monomers on asymmetric substrates (27) . The gene duplication hypothesis is lent further credence by the structure of these enzymes. The substrate-binding surface of I-CreI is created by the symmetric juxtaposition of the monomers about the LAGLIDADG motifs; in much the same way, the DNA-binding structure in the nuclease domain of PI-SceI has a pseudo 2-fold symmetry about its two LAGLIDADG motifs (23, 24) . It has been postulated that the derived two-motif duplicated monomers have evolved a relaxed requirement for symmetry, thereby allowing the enzymes to acquire an expanded substrate repertoire (26, 74) .
Whereas in the above scenario binding and catalytic regions would be interdigitated in each half of the double-motif LAGLIDADG enzymes, they are separated by a flexible tether in the monomeric GIY-YIG enzyme I-TevI (Fig. 3) . Although the GIY-YIG motif that forms the catalytic domain of I-TevI is conserved in different GIY-YIG proteins, the DNA-binding region is variant. It has therefore been proposed that the GIY-YIG domain is a catalytic cartridge that can be combined with different Nucleic Acids Research, 1997, Vol. 25, No. 17 3387 DNA-binding proteins to evolve nucleases with altered specificities (32) .
Endonuclease persistence in diverse organisms
Homing endonuclease genes have been considered highly invasive elements that gain access into genomes by virtue of the ability of their products to make DSBs and promote recombination. Their propagation is ensured when these parasitic elements find refuge in introns and inteins (reviewed in 8). While their sheer invasiveness would secure the persistence and dissemination of endonuclease genes in biological systems, there have also been examples of the selective advantage to organisms with intronencoded endonucleases. These include the ability of the phage SP82 intron endonuclease to exclude genetic markers of related phage in mixed infections (38) , and the selective advantage of an archaeal rDNA intron to Sulfolobus acidocaldarius (75) .
While restriction enzymes may similarly be of advantage to bacteria through their ability to limit phage infection, restrictionmodification systems have also been shown to behave in a selfish manner (76) . Why then do the intron and intein endonucleases engage in self-propagating homing reactions, whereas restriction enzymes do not? One possibility is related to the rarity of homing endonuclease cut sites. On the one hand, the action of the frequently cutting restriction enzymes is precluded in vivo by their cognate modifying enzymes, except with foreign unmodified DNA, which is likely to be degraded by the enzyme and unable to perpetuate a homing event. On the other hand, the recognition site of the homing endonucleases is so large that there is likely to be only one site per genome; once cleaved and occupied by the endonuclease-encoding ORF, further cleavage at this site would be prevented, while homing to similar unoccupied sites would be ensured. A second possibility is related to the tendency of homing endonucleases to tenaciously bind their cleavage products via their lengthy recognition sequences and thereby influence subsequent recombination events (44) . Regardless of why homing endonucleases promote DNA rearrangements, their ability to do so is an important factor in the evolution of genomes.
